The excitatory effect of different test stimuli was quantified in a large sample of primary auditory units of the starling. In order to construct an excitation pattern, the level of excitation in many single units in response to a specific test stimulus was plotted as a function of their characteristic frequency (CF). The effects of stimulus frequency and stimulus sound-pressure level on the shapes of the excitation patterns were characterized by measuring excitation patterns in response to 33 different test stimuli which covered a range of frequencies (0.125 to 2.0 kHz) and sound-pressure levels (20 to 90 dB SPL}. In contrast to the mammalian situation, excitation patterns in the starling showed a systematic asymmetry with the high-frequency side being, on average, twice as steep as the low-frequency side. In addition, the sound-pressure level had no systematic effect either on the symmetry or on the high-and low-frequency slopes of the flanks of the excitation patterns. Thus, the nonlinear growth of excitation with increasing sound-pressure level that is typical for the high-frequency flank of mammalian excitation patterns, was not found in the starling. The differences in mammalian and arian excitation patterns are probably related to systematic differences in tuning characteristics of the respective hearing organs.
INTRODUCTION
The cochlea of mammals has been studied by investigating the vibration of the basilar membrane (Btktsy, 1960; Johnstone and Boyle, 1967; Wilson and Johnstone, 1975; Nuttal et al., 1991) , the response characteristics of hair cells (Russel and Sellick, 1983; Dallos, 1985) , and the properties of auditory nerve fibers (e.g. Kiang etaL, 1965 ). An overwhelming amount of data are available characterizing the responses of single primary auditory afferents, in much detail, with a number of different stimuli for a variety of vertebrate species (reviews: Manley, 1990 Manley, , 1983 . In contrast to focusing on a single cochlear location, another approach was to describe the population response of many auditory nerve fibers to a limited set of test stimuli (e.g. Pfeiffer and Kim, 1975 (Moore, 1988 ) causes a substantial asymmetry of the excitation pattern at higher stimulus levels, with the slope of the flank on the high-frequencj side becoming considerably shallower than that of the low-frequency side. The findings of these population studies are in accordance with results from psyehophysieally determined masking patterns which can also be interpreted as resembling excitation patterns (Moore, 1988) .
Excitation patterns gained some attention because the effects of stimulus parameters on excitation patterns have been incorporated into models for the explanation of psychophysical phenomena (e.g. intensity discrimination;
Zwicker, 1970; Florentine and Buus, 198 [).
To date, the equivalent of avian excitation patterns have only been determined psychophysically by simultaneous masking in the parakeet (Saunders etal., 1978; Saunders and Pallone, 1980) . However, the parakeet shows a prominent specialization with improved spectral resolving power above 1-2 kHz as compared to other birds (Okanoya and Dooling, 1987) . Thus the mm of the present study was to determine the effects of stimulus parameters on excitation patterns in the starling (a not specialized songbird; ManIcy and Gleich, 1992) in order to obtain comparative data. Because behavioral data on the auditory performance of the starling are available (e.g., Klump and Banr, 1990) , models explaining psychophysical phenom-ena that are based on excitation patterns can be tested for their validity in the starling.
I. MATERIAL AHD METHODS
The activity of auditory afferents was recorded in anaesthetized birds and has been previously described in detail (Manley etal., 1985; Gleich, 1989; Klump and Gleich, 1991) ß It is briefly outlined below. Birds were anaesthetized by an initial dose of nembutal ( 80-90 mg/kg pentobarbital-Na), artificially respirated, and kept at a constant body temperature of 40 øC with an automated heating system. A deep level of anaesthesia was maintained throughout the experiment by additional doses of nembutal (40-50 mg/kg) as necessary, usually every 30-40 min. Standard techniques were applied to record the electrical activity of single cells with high impedance glass micropipettes. Data were collected using two approaches for recording from auditory units. In the first series of experiments the cochlear ganglion was accessed dorsolaterally through scala tympani (24 birds, 84 units; Manley et al., 1985) and in the second series of experiments primary auditory fibers were recorded in the trunk of the VIIIth nerve where it entered the brain stem after aspiration of the cerebellum (9 birds, 81 units; Klump and Gleich, 1991) .
Acoustic stimuli were presented via a closed sound system consisting of an earphone (AKG DKK 32) and a calibrated microphone (Briiel & Kjaer 4133) for monitoring the stimulus near the eardrum. The earpiece was fit tightly into the external earcanal of the bird and calibrated before each experiment. The output was flat within +/--3 dB in the frequency range between 0.05 and 4 kHz. At 90 dB SPL the second harmonic was more than 60 dB and the third harmonic more than 50 dB below the fundamental.
The response of the units was characterized by presenting a matrix of test stimuli varying in frequency and sound-pressure level that has also been called the spectral response plot (Evans, 1978; Kaltenbach and Saunders, 1987; Klump and Gleich, 1991 ) . Test frequencies typically covered a range of 2-3 oct around the CF (frequency of the highest sensitivity) in 0.1-0.2-oct steps. The sound pressure was tested from well below to well above unit threshold, generally from 10 to 90 dB SPL in 4 or 5-dB steps. The test stimuli consisted of 100-ms tone pips with 2.5-ms rise and fall times. The repetition rate was 4 per second and each test stimulus was presented twice. Although the high repetition rate can affect the response at high levels in some cells (Manley et which has already been described for the starling and other bird species (Manicy, 1990) . In these cases, a test stimulus caused a suppression of the discharge rate below the spontaneous rate [I.0 kHz in Fig. 2(a) ] so that no CF-level equivalent could be determined. These complications affected about 10% of the CF-level-equivalent measurements.
II. RESULTS
Excitation patterns or population responses were obtained for only 33 of the total matrix of 45 test stimuli because the low level test stimuli, especially at lower frequencies, were outside the response areas of the cells Because the data from the two recording sites differed only with respect to the CF range, they were pooled and not differentiated for further analysis.
Excitation patterns were constructed by plotting the CF-level equivalent versus the CF (Fig. 4) which represents the position along the papilla basilaris (Gleich, 1989). The example in Fig. 4 obtained with a 1-kHz stimulus of 60 dB SPL demonstrates the typical features. Each triangle shows the excitatory activity of one single cell in response to the test stimulus, which is indicated by the arrow. Excitation was highest for cells with CFs around 1 kHz and declined toward lower and higher CFs, respectively, indicating that the test stimulus excited only a restricted area of the basilar papilla. In order to characterize the shape of the excitation pattern more systematically, regression lines were calculated through data from cells with a CF below and above the test frequency respectively, as illustrated in Fig. 4 . If the correlation of CF and CFlevel equivalent was significant, the slopes of these regression lines were accepted as a measure of the steepness of the low-and high-frequency flanks of the excitation pattern. The correlation was generally significant if enough data that spanned a sufficient CF range were available. This was the case for excitation patterns at higher stimulus levels that were 10 or 20 dB above the threshold of the most sensitive cells near the test frequency. With this method, the steepness of the low-and high-frequency side of 17 excitation patterns were determined. For six excitation patterns only the low-and in another six only the high-frequency side could be characterized. Neither the low-nor the high-frequency flank could be analyzed in four excitation patterns due to an insufficient number of data points.
The effects of test frequency and test sound pressure are qualitatively illustrated in Fig. 5, which shows Table I ). An increase of the sound-pressure level (from the right to the left column in Fig. 5 ) caused an increase of the excitation with some spread of excitation toward CFs above and below the test frequency. However, in contrast to the situation in mammals (Moore, 1988 Moore (1988) . He suggested using the soundpressure level of a CF tone that produces the same neural activity as the test tone, as a value of stimulus-related excitation which is called the CF-level equivalent throughout this study. This measure is less affected by the large variability of spontaneous and maximum driven rate among auditory afferents as those based on rate criteria and was therefore adopted for the analysis of the starling excitation patterns. In addition Delgutte (1990) used a very similar procedure for the nonsimultaneously determined excitation patterns in the cat; thus eat and starling data can be easily compared.
The excitation patterns determined in this study (Figs.  4, 5) show considerable variability in the CF-level equivalent among cells with the same CF. There are several potential sources for this variability. In order to obtain reasonable numbers of neurons to construct the excitation patterns, data from 33 birds had to be pooled. In addition the CF determination was performed with a resolution of 0.1-0.2 oct introducing a potential error of 0.1 oct. Major factors contributing to the variability in the excitation pattern plots are, however, besides these measurement errors, the large variability of thresholds at a given CF [ > 60 dB, Fig. 3(a); Manley et al., 1985] and the large variability of the slopes of rate-intensity functions of individual neurons at the different test stimuli. A similar variability of population responses, probably due to the variability of rateintensity function slopes and the saturating nonlinearity of rate-intensity functions was also present in the mammalian data (Kim and Molnar, 1979; Evans, 1981; Delgutte, 1990). However, comparing the starling's excitation patterns described in this study with the mammalian population studies, mentioned above, demonstrates differences which are clearly evident despite the scatter in avian and mammalian data sets. Table I . From the frequency map of the starling basilar papilla (derived from functionally characterized, cobalt-labeled auditory afferents; Gleich, 1989) and the frequency range activated by a stimulus it was possible to estimate the distance along the papilla that was excited by a particular stimulus. The values are also given in Table I as a percentage of the total papillar length. For all three test frequencies, about 30% or 0.9 mm were activated by the 30 dB SPL stimulus while the activated area increased to 55% (1.6 mm) at 60 dB SPL and 80% (2.2 mm) at 90 dB SPL. The physical proportion of the basilar papilla along its length which was activated by a stimulus depended on the level but appeared fairly independent of the test frequency.
The observation that twice as many octaves were acrivated by a 0.5-kHz stimulus than by one of 2 kHz corresponds quite well with the different frequency mapping constants on the basilar papilla described for these frequency ranges in the starling (Gleieh, 1989) on the logarithmic scale as related to stimulus frequency (Figs. 5 and 6) reflects the fact that the frequency distribution along the starling papilla is not logarithmic and the mapping of high-frequency octaves occupies more space on the basilar papilla than that of low-frequency octaves. In addition the sharpness of tuning increased on average with CF (Manley et al., 1985) so that excitation patterns obtained with high test frequencies were narrower than those obtained at low test frequencies (on a logarithmic scale). Although overall excitation increased with stimulus level (Fig. 5) , the slopes of the high-•tnd low-frequency flanks of starling excitation patterns did not systematically change with the sound-pressure level (Figs. 5, 7} . This is in marked contrast to the situation described for mammals.
Independent of the measure of excitatior, used, an increase in the stimulus level caused a larger inccease in excitation above the test frequency as compared to below the test frequency. This was found for excitation patterns determined using rate and phase-locking criteria ( flanks of the masking patterns. Thus the level dependence of the excitation patterns in mammals, and the level independence in birds shows a fundamental difference between these groups which probably reflects differences in cochlear structures and tuning mechanisms. An important difference between the response characteristics of avian and mammalian auditory afferents which probably influences the shape of excitation patterns is the shape of the frequency threshold curves (ManIcy et aL, 1985 }. In mammals, the high-frequency flank of the neural tuning curves was systematically steeper than the lowfrequency flank, and many cells with CFs above 3-5 kHz display, below the CF, the so-called tail. In birds, neural tuning curves were, on average, symmetrical and did not show tails. This difference is illustrated qualitatively with selected examples of the guinea pig [ Fig. 8(a) !., 1985) . In addition the slopes of the tuning curve flanks tended to increase with CF. These two factors probably contribute to the systematic, level-independent asymmetry of excitation patterns in the staffing.
The differences between mammalian and arian excitation patterns also have consequences for models that use characteristics of excitation patterns to explain psychophysically observed phenomena. This will only briefly be discussed for some aspects of intensity discrimination. Zwicker (1970} proposed a model, based on the nonlinear spread of excitation toward high frequencies, to explain the improved intensity discrimination at high as compared to low stimulus levels. Klump and Baur (1990) determined intensity discrimination ability in the starling and compared it with data from other birds and from mammals. They found that, as in mammals, the ability of starlings to discriminate intensity differences improves with an in- 
